The results of 21-cm neutral hydrogen survey observations, made using the 64-m Parkes telescope, are presented for two 8° by 8° fields, centred on the Centaurus and Fomax galaxy clusters, and a smaller 1 ~ 5 field in Eridanus. The purpose of the observations was to search for extended H I clouds with no clear optical counterparts. 31 previously catalogued galaxies were detected, with H I parameters for 16 being listed for the first time. One previously uncatalogued dwarf galaxy ('Wombat 1', 10341-3851) was found near the Fomax cluster. Australia Telescope Compact Array observations give an HI mass of 8 x 10 7 Me;) and a diameter of 4 kpc for this object, which is also visible on UKST survey plates. However, no clouds with optic all y invisible counterparts were detected. We deduce a 99 per cent confidence limit on the total H I density of such objects in the cluster and near-cluster environment of OHI < 1O-2 h-1 (oV/100kms-1 ).
INTRODUCTION
Most normal galaxies are believed to form during the non-linear gravitational collapse of primordial gas clouds. The collapse is initiated by perturbations of the gas de.nsity which grow with time. Massive galaxies will form rapidly from larger amplitude perturbations, whilst less massive galaxies are expected to form more gradually from smaller amplitude perturbations. It is possible that gas clouds which reside within amplitude perturbations smaller than some limit may still be in a state of collapse at the present epoch, not having reached the threshold density for forming stars (Toomre 1964; Kennicutt 1989) . The number of such protogalaxies appears to be strongly dependent on total mass, and the UV photoionizing background (Chiba & Nath 1994; Quinn, Katz & Efstathiou 1996) . Once star formation has begun, the continued existence of such galaxies is dependent on the ratio of kinetic energy imparted by stellar and supernova-driven winds to the gravitational binding energy of the interstellar medium (de Young & Heckman 1994) . The goal in the present paper is to search for protogalaxies in the nearby Universe using the 21-cm line of neutral hydrogen. Such a survey is also sensitive to optically faint, but gas-rich, galaxies and to tidal debris such as the Leo ring (Schneider 1989) .
Searches for nearby galaxies in the 21-cm line of H I had by 1990 covered a bandwidth-pointing product (i.e. EN;B;, where survey i consists of N; discrete pointings at bandwidth B;) of only -350 GHz (Briggs 1990 ), corresponding to -2 per cent of the sky to a redshift depth of z = 0.01. Krumm & Brosch (1984) searched unsuccess- © 1997RAS fully for H I clouds in cosmic voids, and concluded that clouds of mass 10 10 _10 11 h-I M0 contribute no more than 4 x 10-4 h-I to 0 0 in the Perseus-Pisces void and no more than 2 x 10-3 h-I to 0 0 in the Hercules void. In a survey of 153 square degrees, Fisher & Tully (1981) failed to detect any H I clouds that were not associated with an optically visible counterpart, and thus determined that the mass in intergalactic HI clouds of mass 10 7 _1010 h-I M0 contributes less than 5 x 10-4 h -I to 0 0 . However, Briggs (1990) points out that the short integration times of these and previous searches mean that they were completely insensitive to column densities much less than 10 20 cm -2. As a result, the number density of large-diameter, low HI surface brightness objects with N(HI) < 5 X 10 19 cm-2 is virtually unconstrained in such observations. Hoffman, Lu & Salpeter (1992) report on an HI survey aimed at detecting low-mass gas clouds and gas-rich dwarf galaxies. Their survey at Arecibo was directed towards the void nearest to the Local Supercluster, and failed to detect any new objects within the void, excepting two new members of a previously known group. Consequently Hoffman et al. (1992) constrain the 0 0 contribution of voidfilling gas clouds with MHI > 5 X 10 6 M0 to be less than 5 per cent of closure density.
Despite these null detection surveys, a number of very interesting, low surface brightness galaxies have been discovered in HI observations. One such object is HI 1225+01 which was reported as a serendipitous discovery by Giovanelli & Haynes (1989) during routine 21-cm observations with the Arecibo telescope. This object lies south of the Virgo cluster at a velocity of 1275 km s -I. The HI mass of the object was detennined to be greater than 4 x 10 9 Mo , and the total mass to be in excess of 2 x 10 10 Mo. At the time, there was no evidence for an associated stellar population. However, lmpey et al. (1990) and Djorgovski (1990) reported the detection of a faint optical counterpart associated with the north-eastern end of the cloud, implying the presence of star formation in one part of the object. Salzer et al. (1991) showed the colours and metallicity of this object to be similar to those of other dwarf irregular galaxies. No optical emission associated with the south-western clump has been seen. High-resolution VLA observations by Chengalur, Giovanelli & Haynes (1995) appear to show that the two clumps are independently rotating systems, now undergoing a prograde encounter and fonning a tidal bridge between the two systems. The lack of optical emission from the south-western clump is explained by the HI surface density being less than Toomre's (1964) gravitational instability threshold, and therefore it is a candidate for a protogalaxy in the sense defined above.
More sensitive, pencil-beam surveys for H I galaxies have been conducted using the VLA by Weinberg et al. (1991) and Szomoru et al. (1994) . These surveys produced the first H I-discovered galaxy in the Bootes void (Szomoru et al. 1993) , and have also produced a small sample of HI-selected. objects, adding to the HI-selected sample produced by blind searches with the former Green Bank telescope (Henning 1995) . Although such samples are dominated by optically faint objects, these objects appear not to dominate the H I density of the local Universe.
In this paper, we present results from a series of 21-cm observations of the Centaurus and Fornax southern galaxy clusters, and the Eridanus group, made with the Parkes telescope. These observations are part of our continuing programme of blind searches for extremely low surface brightness galaxies with H I masses in the range 10 4 _10 12 Mo. In this programme, the Australia Telescope Compact Array (ATCA) is being used to image selected 'blank' fields and probe the H I mass range 10 4 _10 8 Mo , whilst the Parkes telescope was used to search the H I mass range 10 8 _10 12 Mo.
OBSERVATIONS

The fields
The Centaurus cluster has been studied extensively at optical wavelengths (Dickens, Currie & Lucey 1986; Lucey, Currie & Dickens 1986a,b) and in the X-ray band (Matilsky, Jones & Forman 1985; Mohr, Fabricant & Geller 1993) . Lucey et al. (1986a) found a bimodal velocity distribution for the Centaurus cluster. The lower velocity component has a mean velocity of 3041 km s -1 and a velocity dispersion of 586 km s -1, and is centred on the large elliptical galaxy NGC 4696. Matilsky et al. (1985) found that at a gas temperature of 2.1 keV the X-ray luminosity of NGC 4696 is 7 x 10 43 erg s -1. The higher velocity component has a mean velocity of 4570 km s -1 and a velocity dispersion of 280 km s -t, and is centred on the large elliptical galaxy NGC 4709. Because of the smaller velocity dispersion of this component, the X-ray luminosity is expected to be lower by a factor of -1125 than that of the dynamical centre of the lower velocity component (Matilsky et al. 1985) .
The Fornax cluster is a small, dense concentration of early-type galaxies and has been the subject of several investigations of galaxy populations (e.g. Ferguson 1989 ). The cluster lies in the velocity range 700-2200 km s -1, and is centred on the luminous elliptical NGC 1399. X-ray observations of NGC 1399 have detected emission corresponding to a gas temperature of 1.4 keV, extending beyond a 360-kpc radius (Ikebe et al. 1992) . Bland-Hawthorn et al. (1995) reported the discovery of an ionized hydrogen cloud near Fornax A. The most recent H I observations of optical galaxies in Fornax have been completed by SchrOder (1995) and Bureau, Mould & Staveley-Smith (1996) .
To enhance our detection prospects, we chose the Centaurus and Fornax regions as representing regions of above-average galaxy density. The surveyed fields extend well beyond the actual clusters, allowing us to search a continuous range of galaxy environments. The bias factor (Kaiser 1984) for low-mass galaxies may be lower than for high-mass galaxies, although the existence of the Virgo protogalaxy demonstrates that the near-cluster environment does not exclude such objects.
The Eridanus group is a prominent system in a filamentary structure observed in maps of the Southern Sky Redshift Survey (da Costa et al. 1988) . Eridanus has been studied in considerable detail at optical wavelengths by Ferguson & Sandage (1990 , 1991 , and has been the subject of a dynamical study by Willmer et al. (1989) . Of particular interest in Eridanus is the group of galaxies around NGC 1407. The peculiar velocity of NGC 1400 (1l00kms-1 with respect to the group) implies a high mass-tolight ratio independently of whether or not it belongs to the group (Quintana, Fouque & Way 1994) , and hence offers an interesting target for neutral hydrogen observations.
Observations and reduction
We have selected two 8° x 8° fields, one centred on the Fornax cluster and one on the Centaurus cluster, and one 1 ~ 75 x 1 ~ 75 field centred on NGC 1407 in Eridanus, for 21-cm spectral line observations. The survey observations were made on 1991 March 19-21, 1991 August 13, 1993 June 16-21 and 1994 September 15-19, with follow-up observations on 1995 September 8-10, with the Parkes 64-m radio telescope in New South Wales, Australia. The distribution of galaxies from the ESO/Uppsala Survey of the ESO(B) Atlas (Lauberts 1982) over the three fields is shown in Figs 1,2 and 3. These figures depict graphically the large range of galaxy environments probed by our surveys. For the Centaurus and Fornax fields, our surveys extend well beyond the dense cluster centres, whilst for the smaller Eridanus field, we search only in the dense group centre.
For the 1991 March observations, the old Parkes telescope correlator (Ables et al. 1975 ) was used. The total spectral bandwidth of 10 MHz over 256 channels was increased to 17.5 MHz by splitting the desired velocity range into two slightly overlapping frequency bands and observing each band independently. For the remainder of the observations, the new Australia Telescope correlator (Wilson et al. 1992 ) was used with a spectral bandwidth of 32 MHz over 1024 channels. For the 1991 observations, the system noise temperature was -40 K, whilst for the 1993-95 observations new receivers provided lower system temperatures of -25 K. The system response was calibrated daily against the radio source Hydra A. The beamwidth at half-maximum power for 21-cm observations with the Parkes telescope is 15 arcmin.
Observations were made by pointing the telescope at pre-determined grid positions for 180 s for the Centaurus and Fornax fields, and 2100 s (10 frames of 210 pointings spaced by 15 arcmin (i.e. the beamwidth), as shown in Fig. 3 . All fields were observed row by row, in order of increasing RA within a row. The observing parameters are given in Table 1 . All velocities determined in this paper are given as optical velocities.
The spectral analysis was performed in SLAP (Spectral Line Analysis Package). To remove the bandpass, each 'on' spectrum was normalized with an 'off' spectrum, which was formed from the © 1997 RAS, MNRAS 288, 307-318
An HI survey for protogalaxies 309 weighted average of two spectra on either side of the 'on' spectrum. This technique yielded fiat baselines for ~80 per cent of the data. The two polarizations were added, and the spectra were Hanningsmoothed in the velocity domain, resulting in a velocity resolution of twice the channel width. The typical rms spectral noise is given in Table 1 for each survey observing session. The value given is the median of the noise measurements from all spectra taken during an observing session. The minimum detectable neutral hydrogen column density for our surveys was 10 19 atom cm-2 .
Follow-up observations in 1995 September were used to re-observe H I cloud candidates that were identified in the survey, but not with high enough confidence to be matched to previously catalogued galaxies. For these observations, the 3-min integration was retained, but typically repeated eight times, resulting in higher sensitivity. Reference ('off') positions containing no known galaxies nearer than 15 arcmin were chosen individually for each candidate, and were offset from the candidate by 4-10 min in RA to minimize change in ground spillover when switching between the source and reference positions. For those candidates that reappeared during follow-up observations but still with no catalogued galaxy within 10 arcmin, further spectra were observed at ±7.5-arcmin offsets in RA and Dec. to obtain better positions for optical identification.
RESULTS
After follow-up observations, 23 detections in the Centaurus field were confirmed and identified with optically catalogued galaxies. These are listed in Table 2 , and the 21-cm profiles are shown in Fig.  4 . In the Fornax field, nine detections were confirmed (Table 3 and Fig. 5 ), and eight of these were identified with optically catalogued galaxies. Only one survey position showed detectable 21-cm emission, yet had no obvious association with any nearby catalogued galaxy (B1950 survey pomtmg 033827 -3900, Fomax). The detection in Table 2 that has been identified with a catalogued galaxy and has no known redshift (BI950 pointing 124123-4000) is believed to be associated with the galaxy because of its proximity to the centre of the beam, and its visual appearance. The detections at033107-3630 (BI950) and 033220-3615 (BI950) in Fomax are of the same galaxy (ESO 358-G 017 or NGC 1365), which is a large and bright barred spiral. The H I velocities differ because the pointings are directed at different parts of the galaxy. We remind the reader that the 21-cm profiles shown in this paper were obtained with the telescope offset from the sources by typically 2-8 arcmin, and, accordingly, the profile fluxes are diminished, and some profiles will be distorted. As well as the previously uncatalogued object, one of the Fomax Velocity, cz (km/s) 125427-3930 
ATCA observations of PKS HI J0341-3851: Wombat I
With no clear optical counterpart visible on the Digitized Sky Survey (DSS) image of the survey position 033827 -3900 (BI950) in Fornax, further 21-cm observations taken at ±7.5-arcmin offsets in right ascension and declination suggested the source of the emission to be an uncatalogued galaxy visible on a DSS image centred at the eastern offset position 033905 -3900 (B 1950) . The 21-cm spectrum for this offset is shown in Fig. 6 . This spectrum has been smoothed and a first-order polynomial subtracted, resulting in rms noise fluctuations of 8.2 mJy. The galaxy, which we name Wombat I, i~ centred at 821kms-l , and has a velocity width of 62kms-l . During 1996 January 8-9 we obtained a 6-h integration at 21 cm on this object using the ATCA in its 750C configuration. This configuration has a smallest baseline of 45.9 m and a largest baseline of 750.0 m. The correlator was configured to record 256 channels over a bandwidth of 32 MHz centred at 1394 MHz. Accordingly, the channel spacing was 26.4kms-1 and the velocity resolution I was 31.9 km s -I. During the observations, at intervals of 40 min a secondary calibrator source (0438-436) was observed for approximately 4 min.
The data were calibrated and imaged using the tasks MFCAL and INVERT from the radio interferometry data reduction package MIRIAD. The resultant image planes had rms noise fluctuations of 3.5 mJy beam -I. The radio image for the channel centred at 832kms-1 is overlaid on the DSS image in Fig. 7 . The peak of the radio emission is located at right ascension 03 h 39 m 09 s and IThe velocity resolution for this correlator configuration is equal to 1.21 times the channel spacing. 21n this paper, h is Hubble's constant expressed in units of 100 Ian S-I Mpc-I . declination -39°00'50" (BI950) (03 h 40 m 59', -38°51'16", J2000). The total H I mass of the galaxy is 8 x 10 7 Mo, and at a distance 2 of 8 h -I Mpc half of the H I gas is contained within 4 kpc. Whilst these parameters suggest that Wombat I is a particularly unremarkable galaxy, its velocity places it at the near edge of the Fornax cluster, and raises the possibility that the cluster extends further south than previously thought.
Interestingly, Wombat I is similar to Malin I (Bothun et al. 1987 ) in visual appearance, and the lowest contour in Fig. 7 suggests that the H I may extend asymmetrically towards the south-west. Further 21-cm mapping of Wombat I would be worthwhile to establish whether this is the case. If the H I in Wombat I is elongated with respect to the optical galaxy, as is seen in Malin I, there may be interesting comparisons which can be made between these two systems.
ANALYSIS
Overall, no H I gas clouds were detected in the three surveys described. This makes it possible to place limits on the contribution of such clouds to the total mass density in each field, and hence assess the cosmological significance of H I clouds at the present epoch. We first construct a function which reflects the volume surveyed for HI clouds of a given mass, and then, following the analysis of Shostak (1977) and Fisher & Tully (1981) , we determine upper limits to the H I mass function describing the density of H I clouds as a function of cloud mass. Subsequent integration yields the total mass density residing in H I clouds in the survey fields.
Volume coverage
The total H I mass of a cloud (MH1) that is unresolved by the telescope beam, and whose H I is optically thin, is given by the standard formula Velocity, cz (km/s) 032347-3630 Velocity, cz (km/s) Figure 5 . Fornax H I profiles. All velocity axes span 1400 Ian s -1; refer to Table 3 for signal and noise levels. .. expressed in mJy and v is the velocity in km S-I. The integral can be simplified by assuming that an H I cloud produces a rectangular line profile of amplitude S mJy and width oVkm S-l, i.e.
and thus
To detect an H I cloud, it is necessary that the line profile amplitude be greater than the rms noise fluctuations in the underlying spectrum. We assume that the human visual system can reliably recognize features with signal-to-noise ratios of 3 or greater. Since all the spectra for the described surveys were visually inspected, we assume that all line profiles with S> 3uj were detected, where Uj is the rms noise in an individual spectrum. For this paper, the telescope beam shape is taken as a Gaussian function, with afull width at half-maximum of 15 arcmin. So to detect a cloud at redshift V km s -I and distance r from the centre of the telescope beam, we require
where B(r) is the beam profile:
with a = 44.36 deg-2 , and Mo is the minimum mass that can be detected at the centre of the beam at redshift V:
Equation (4) gives the maximum distance away from the beam centre (rmax) at which an HI cloud of mass MHI 2: Mo can be detected, which is Fig. 8 . Integration of the mass function derived above, over the three decades of H I mass to which each survey was sensitive, yields a 99 per cent confidence limit to the total neutral hydrogen mass density residing in H I clouds in the survey areas. Then, using the standard formula o _ 8'TrGpHI HI -
3H2 '
o (12) the contribution to the cosmological density parameter of H I clouds (OHI) can be determined. The results are shown in Table 4 for the three survey areas.
DISCUSSION
The HI mass function
The limiting HI mass functions in Fig. 8 are typical of such functions determined with blind 21-cm surveys. Working from large H I masses towards smaller H I masses, the limiting density function remains constant while the survey volume is fully sampled (and limited by receiver bandwidth), then begins to rise as the survey becomes less sensitive to smaller H I clouds. Eventually an H I mass is reached beyond which the survey is unable to detect objects even at the beam centre. For the most distant field, Centaurus, this limiting HI mass is ~3.5 x 10 8 Mo, whilst for the closer fields it is below 10 8 Mo.
Typical diameters for HI-rich galaxies are 5-50 kpc, and in our calculations we have assumed that H I clouds will subtend solid angles less than that of the telescope beam. For the Centaurus cluster, this approximation is valid, since the beamwidth ranges from 100 h -1 kpc at the near side of the cluster to 210 h -1 kpc at the far side. However, for the Fornax and Eridanus clusters, the beamwidth ranges from 30 to 92 h -1 kpc, and large H I-rich galaxies or clouds will often lie partly outside the beam. This does not necessarily decrease the chances of detecting large-scale H I discs in these two clusters, since more than one beam may detect the cloud. Unfortunately, the referencing technique used, while providing remarkably flat baselines, will tend to remove correlated signals in adjacent beams, reducing the probability of detecting large-scale H I discs in the nearer parts of the clusters.
The H I mass range of 10 8 _1011 h -2 Mo in Fornax and 3.5 x 10 8 -3.5 X 1011 h -2 Mo in Centaurus allows the detection of progenitors of galaxies at least the size of the Milky Way, and any gas clouds with H I masses like that of the ring in the Leo group (10 9 Mo, Schneider et al. 1983 ) and the Virgo protogalaxy (4 X 10 9 M o , Giovanelli & Haynes 1989) would certainly have been detected in our survey of Fornax. Our zero detection of discrete intergalactic H I clouds in the Centaurus and Fornax groups concurs with the results of a similar search in the Sculptor group (Haynes & Roberts 1979) which ruled out the existence of a significant population of non-optical H I clouds with H I masses greater than 10 8 Mo, as well as the results of a void search (Krumm & Brosch 1984). 5.2 The cosmological significance of H I clouds in the local Universe
The limit on OHI in the Eridanus cluster is weak owing to the very small survey volume of less than 3 h -3 Mpc 3 . In contrast, the large volumes that we have surveyed surrounding the Centaurus and Fornax clusters enable strong limits to be placed on OHI in cluster and near-cluster environments. The contribution of H I in extremely low surface brightness objects to the cosmological density parameter for both Centaurus and Fornax is 99 per cent likely to be less than 10-2 h-1 for galaxies with HI velocity widths of about 100 km S -1, in agreement with previous results (Lo & Sargent 1979; Fisher & Tully 1981; Krumm & Brosch 1984) . Note that most previous studies select a 95 per cent confidence limit.
Studies of damped Lyman a: systems can also be used to constrain the cosmological mass density in H I gas. Recent studies include those of Storrie-Lombardi et al. (1994) and Storrie-Lombardi, McMahon & Irwin (1996) . The latter study places an upper limit of 5 x 10-4 h -Ion the cosmological mass density in neutral hydrogen gas contributed by Lya: absorbers for 0.008 < z < 1.5. With corrections for possible dust obscuration, and neutral gas not residing in damped Lya: systems, this upper limit rises to 10-3 h-1 , consistent with our results.
